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Abstract
Bioremediation is one of the commonly applied remediation strategies at sites contaminated with
polycyclic aromatic hydrocarbons (PAHs). However, remediation goals are typically based on
removal of the target contaminants rather than on broader measures related to health risks. We
investigated changes in the toxicity and genotoxicity of PAH-contaminated soil from a former
manufactured-gas plant site before and after two simulated bioremediation processes: a
sequencing batch bioreactor system and a continuous-flow column system. Toxicity and
genotoxicity of the residues from solvent extracts of the soil were determined by the chicken
DT40 B-lymphocyte isogenic cell line and its DNA-repair-deficient mutants. Although both
bioremediation processes significantly removed PAHs from the contaminated soil (bioreactor 69%
removal; column 84% removal), bioreactor treatment resulted in an increase in toxicity and
genotoxicity over the course of a treatment cycle, whereas long-term column treatment resulted in
a decrease in toxicity and genotoxicity. However, when screening with a battery of DT40 mutants
for genotoxicity profiling, we found that column treatment induced DNA damage types that were
not observed in untreated soil. Toxicity and genotoxicity bioassays can supplement chemical
analysis-based risk assessment for contaminated soil when evaluating the efficacy of
bioremediation.
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INTRODUCTION
Polycyclic aromatic hydrocarbons (PAHs) are of human health concern due to their known
or suspected genotoxic, mutagenic or carcinogenic effects1, 2, and they are a major pollutant
class at thousands of contaminated sites in the U.S.A.3. Bioremediation is an established
technology for cleanup of PAH-contaminated soils and sediments,4 but like most remedial
technologies it is typically evaluated based on the removal of target pollutants. U.S.
*Corresponding authors: Jun Nakamura (T: 1-919-966-6140; F: 1-919-966-6123; ynakamur@email.unc.edu); Michael D. Aitken (T:
1-919-966-1024; F: 1-919-966-7911; mike_aitken@unc.edu). Address: Department of Environmental Sciences and Engineering,
Gillings School of Global Public Health, University of North Carolina, Chapel Hill, NC 27599-7431, U.S.A. .
1Current address: Solutions-IES, Raleigh, NC
SUPPORTING INFORMATION AVAILABLE
Table of concentrations of individual PAHs in the soil before and after bioremediation; Table of LD50 for BPDE, MMS and H2O2 as
positive control; LD50 calculation method; Table of partial correlation coefficients and corresponding p-values among LD50, 1/




Environ Sci Technol. Author manuscript; available in PMC 2013 April 17.
Published in final edited form as:













Environmental Protection Agency (USEPA) guidelines for risk assessments of PAH-
contaminated soil generally focus only on 16 priority-pollutant PAHs.5 However, in most
cases it remains unknown whether the removal of the regulated PAHs during bioremediation
corresponds to a reduction in health risk.6 Significant amounts of other carcinogenic
polyaromatic compounds, such as dibenzo[a,l]pyrene, are also found in PAH-contaminated
soils,6-8 and whether all hazardous compounds degrade concomitantly with the 16 priority
PAHs monitored at contaminated sites is unknown7. Incomplete metabolism of PAHs in
contaminated soil can also yield by-products, such as oxy-PAHs, during bioremediation
which can exhibit greater toxicity than the parent PAHs.6-9 Although the parent compounds
and their metabolites all contribute to the total risk of contaminated sites, it is not practical to
monitor hundreds of these compounds throughout the bioremediation process. More
importantly, the identities of many hazardous compounds in PAH-contaminated sites are
rarely known. Another limitation of risk assessment based solely on chemical analysis is that
the toxicity of a mixture is assumed to be simply the sum of the expected effects from each
component10, and it does not account for the possible synergistic or antagonistic interactions
between mixture components1, 11.
Toxicity and genotoxicity bioassays such as the Ames test6, Mutatox™ assay12, SOS
Chromotest13, micronucleus test14, and Comet assay15 have been used to assess the potential
hazard and risk of contaminated soil before and after bioremediation. However, all these
bioassays have their limitations. The Ames test, Mutatox™ assay and SOS Chromotest are
all bacterial-based genotoxicity bioassays. Whether a bacterial test is a suitable model for
eukaryotic systems is still questionable.16 The micronucleus test and Comet assay can be
applied to eukaryotes, but they are limited to a small range of detectable DNA injuries17, 18.
The DT40 genotoxicity bioassay is a novel reverse genetic approach to determine
genotoxicity of chemicals and permits characterization of modes of action.19 Recently,
DT40 cells have been applied to measure genotoxicity in environmental samples.20 The
DT40 bioassay uses the chicken DT40 B-lymphocyte isogenic cell line and its DNA-repair-
deficient mutants, which are ideal for reverse genetic studies19, 21, 22. Their strong
phenotypic resemblance to murine cells in DNA repair genes makes it relatively easy to
translate DT40 assay results to human exposures to genotoxins.23 The DT40 bioassay can
detect not only whether test materials induce DNA damage but also determine the DNA
repair or cell-cycle checkpoint genes required for cell survival after DNA damage. Since
each individual repair pathway processes a distinct set of DNA lesion types, differential
cytotoxicity as a function of which DNA repair pathway has been knocked out provides
insight into the profile of genotoxicity induced.16, 19
The objective of this study was to investigate effects of bioremediation on toxicity and
genotoxicity of PAH-contaminated soil from a former MGP site. Two representative
biological treatment processes were evaluated in the laboratory, including a sequencing
batch bioreactor system (simulating ex situ treatment) and a continuous-flow column system
(simulating in situ treatment). The DT40 parent cell line and fifteen DNA-repair-deficient
mutants were employed to understand the genotoxicity potential and profile of the
contaminated soil before and after biological treatment.
MATERIALS AND METHODS
Chemicals
PAH standards (EPA 610 PAH Mixture), benzo[a]pyrene diolepoxide (BPDE), methyl
methanesulfonate (MMS), hydrogen peroxide (H2O2), dimethylsulfoxide (DMSO) and
phosphate buffer solution (PBS) were obtained from Sigma-Aldrich (St. Louis, MO,
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U.S.A.). All solvents were high-performance liquid chromatography (HPLC) grade and
were obtained from Fisher Scientific (Pittsburgh, PA, U.S.A.).
Soil, bioremediation processes, and sampling
Source soil used in this study was collected from a former MGP site in Salisbury, North
Carolina, U.S.A., in the vicinity of the former tar well, 1.2 m below the surface. The soil was
transferred by shovel to sample buckets and immediately transported to the laboratory,
where it was blended and processed through a 10 mm sieve and stored at 4 °C prior to use.
The sieved soil contained 66% sand, 28% silt, and 6% clay, with total organic matter of
16.6%. The total concentration of target PAHs (14 of the 16 priority PAHs, excluding
acenaphthylene and indeno[1,2,3-cd]pyrene) was 556 ± 50 ng/mg (dry mass basis, wt/wt;
individual PAH concentrations are shown in Supporting Information, Table S1).
Two bioremediation processes were employed to treat the source soil. One process involved
treatment by a continuously stirred, semi-continuous, laboratory-scale aerobic
bioreactor.24, 25 The bioreactor had a working volume of approximately 2 L, a solids
concentration of 20% (wt/wt) and solids retention time of 35 d. Every week, 20% of the
treated slurry was replaced with untreated source soil in a pH 7.5 buffer containing 5 mM
phosphate and 5 mM ammonium nitrate. The other process was the 2.5-year-treatment by
two continuous-flow columns (control column and biostimulated column), which were 110
cm long and 10.2 cm in diameter.26 Prior to column treatment, the source soil was mixed
with sterile 40/50 grade silica sand (Unimin Corporation, Le Sueur, MN, U.S.A.) at a 50:50
ratio (dry weight) to maintain low-pressure flow during long-term column operation. The
control column received simulated groundwater saturated with air. The biostimulated
column received simulated groundwater saturated with pure oxygen and amended with
ammonium nitrate and phosphate to yield final nitrogen and phosphorus concentrations of
1.0 mg/L and 0.3 mg/L, respectively. Detailed column design and operation are described
elsewhere.26 Individual PAH concentrations of untreated bioreactor feed soil, bioreactor-
treated soil, untreated column packing soil and column-treated soil are shown in Table S1.
To evaluate the temporal change in toxicity and genotoxicity in the bioreactor system, slurry
from the bioreactor was sampled at five time intervals during each cycle: immediately after
feeding (0 h), 8h, 1 d, 3d and 7 d after feeding. Soil from each column was sampled at the
surface of the soil bed and at three sampling ports at 25-cm intervals along the column
length (Ports A, B and C, respectively, in the direction of flow) after 2.5 years of continuous
operation.
Sample extraction, PAH analysis and residue preparation
Soil samples were centrifuged at 3,500 rpm for 15 min, after which the supernatant was
discarded. Triplicate aliquots of 3 g (wet weight) centrifuged soil were each extracted
overnight twice, each time with a mixture of 10 mL acetone and 10 mL dichloromethane as
described elsewhere27. Each extract was filtered through a 0.2 μm pore-size nylon filter
(Millipore, Burlington, MA, U.S.A.) and was brought to a volume of 50 mL with
acetonitrile. An aliquot of 1 mL of each extract was removed and analyzed by HPLC for
PAH quantification27. An aliquot of 10 mL of each triplicate extract from the same soil
sample was combined in a pre-weighed vial (total 30 mL) and evaporated to dryness with a
mild flow of nitrogen. The mass of dry residue was determined gravimetrically. The residue
was then re-dissolved with DMSO to 10,000 μg/mL and stored in liquid nitrogen before use.
DT40 DNA damage response analysis
DNA damage was determined by 24-well plate-based DNA damage response analysis using
a DT40 isogenic cell line and its mutants knocked out in specific DNA repair and cell cycle
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pathways as described elsewhere19. Cells were exposed to the residue re-dissolved in
DMSO that was serially diluted with PBS. The concentration of DMSO was adjusted so that
the final concentration for all cell exposures was 0.3%. BPDE, MMS and H2O2 were used as
positive controls (Table S2); while a vehicle blank (DMSO diluted in PBS) was used as
negative control. Fifteen DT40 mutants were tested in this study, including base excision
repair (BER)-deficient mutants (Polβ−/−, Fen1−/−), DNA damage sensor-deficient mutants
(Rad9−/−, Rad17−/−), a nucleotide excision repair (NER)-deficient mutant (Xpa−/−), a mis-
match repair (MMR)-deficient mutant (Msh2−/−), a nonhomologous end-joining (NHEJ)-
deficient mutant (Ku70−/−), homologous recombination (HR)-deficient mutants (Rad54−/−,
FancD2−/−), and tans-lesion synthesis (TLS)-deficient mutants (Rad18−/−, Rev1−/−, Rev3−/−,
Polκ−/−, Polη−/−, Polθ−/−).
The DT40 system has not been tested previously for its ability to activate compounds that
require metabolic activation before exerting a genotoxic effect. Therefore, we conducted a
preliminary evaluation of the response of DT40 and the mutant Rev3−/− to exposure to
benzo[a]pyrene (BaP). Details are provided in Supporting Information.
Data analysis
Statistical analyses were conducted with SPSS® (v16.0, SPSS Inc.). Student’s t-test and
one-way analysis of variance (ANOVA) with Tukey’s test were employed to test for
statistically significant differences between two groups and among multiple groups,
respectively. Spearman test and partial correlation analysis with Spearman test were applied
to investigate relation between LD50 and total PAH concentrations (CtPAHs) or total organic
residue concentration (Cresidue). LD50 was calculated based on the dose-response relation
and converted from residue dose to equivalent soil dose as described in Supporting
Information.
RESULTS
Both the bioreactor system and the column system significantly removed PAHs from the
contaminated soil (Figure 1). For the bioreactor system, during each cycle (7 d), total PAH
concentration of the treated soil decreased with time and approached a minimum 24 h after
feeding (Figure 1a). For the column system, the PAH concentration of both control-column
and biostimulated-column treated soil was significantly lower than that of the untreated
column packing soil (Figure 1b). Overall, the bioreactor system had total PAH removal of
69% and the biostimulated column had total PAH removal of 84%.
Based on its sensitivity to a broad range of DNA damage and its application in measuring
genotoxicity in crude oil-contaminated sediments20, the Rad54−/− mutant was selected for
detailed analysis of the effects of the two bioremediation processes on genotoxicity of the
soil. For the bioreactor system, the LD50 of the bioreactor-treated soil for DT40 and the
Rad54−/−mutant increased through Day 1, then decreased (Figure 2a). The LD50 of the
bioreactor-treated soil for DT40 was significantly lower than that of the untreated bioreactor
soil, except at Day 1; the LD50 of the bioreactor-treated soil for the Rad54−/− mutant was not
significantly different from that of the untreated bioreactor soil through Day 1, but was
significantly lower on Day 3 and Day 7 (Figure 2a). For the column system, the LD50 of
both control-column and biostimulated-column treated soils for DT40 was significantly
higher than that of the untreated column soil; the LD50 of the control-column treated soil for
Rad54−/− was not significantly different from that of the untreated column soil, while the
LD50 of the biostimulated-column treated soil for Rad54−/− was significantly higher than
that of the untreated column soil (Figure 2b).
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Inverse correlations between LD50 and CtPAHs or Cresidue were both highly positive and
statistically significant (Figure 3). However, when 1/Cresidue was controlled, partial
correlations between LD50 and 1/CtPAHs were not statistically significant; conversely, when
1/CCtPAHs was controlled, partial correlations between LD50 and 1/Cresidue were highly
positive and statistically significant (Table S3).
The column system soils were also screened with a battery of DT40 cell lines for
genotoxicity profiling (Figure 4a). There were no significant differences in LD50 between
control-column treated soil and untreated column packing soil, except for the parent DT40
cells. In general, the LD50 of biostimulated-column treated soil was significantly higher than
the corresponding LD50 of untreated column packing soil, except for Rad9−/−, Rad17−/−,
Ku70−/−, Rad18−/−, Rev1−/− and Rev3−/−. The LD50 of biostimulated-column treated soil
was significantly higher than that of the control-column treated soil, except for Rad9−/− and
Rad17−/−.
For a quantitative comparison, we also calculated the relative LD50 of column-system soils
(Figure 4b) as described by Ji et al.28, where the relative LD50 of the parental DT40 cell was
defined as 1. If the relative LD50 of a mutant to a sample is significantly less than 1, that
mutant is defined as sensitive to that sample. Seven mutants were sensitive to both untreated
and treated columns soils, including Rad9−/−, Rad17−/−, Msh2−/−, Rad54−/−, Rad18−/−,
Rev1−/− and Polθ−/−. Seven mutants were sensitive only to column-treated soils but not to
untreated column packing soil, including Polβ−/−, Fen1−/−, Ku70−/−, FancD2−/−, Rev3−/−,
Polκ−/− and Polη−/−. Xpa−/− was not sensitive to either untreated column packing soil or
column-treated soils.
DISCUSSION
Effects of bioremediation on toxicity and genotoxicity
Bioremediation is an established technology to remove PAHs from contaminated soil and
sediment.4 However, some researchers have advised caution about bioremediation, since the
removal of the monitored PAHs during bioremediation of contaminated soil or sediment
might not correspond to a reduction in health risk.6, 9 In some studies toxicity decreased as
treatment progressed,12-14, 29, 30 while in other studies there was either no reduction or even
a substantial increase in toxicity following bioremediation.15, 31-33 Increases in toxicity
might be caused by formation of toxic metabolites or increased bioavailability of native
toxins over the course of bioremediation.31
Our study confirmed that bioremediation reduced PAH levels in the contaminated soil
(Figure 1), but the effect of bioremediation on toxicity is complicated. Generally, we
observed increased toxicity (decreased LD50) in the bioreactor system but decreased toxicity
(increased LD50) in the column system after bioremediation (Figure 2). Remediation
methods and the specific ways they are implemented can substantially influence the
community of PAH-degrading microorganisms in contaminated soil, thus influencing the
collective balance between complete and incomplete metabolism of PAHs by these
organisms and, therefore, potential variation in toxicity and genotoxicity. Longer periods of
bioremediation, such as that used in the column systems, may be required to significantly
reduce the genotoxic hazard of a contaminated soil.6 Hughes et al.32 also found variations of
genotoxicity changes in creosote-contaminated soil before and after four bioremediation
processes. However, they could not determine whether observed increases in genotoxicity
were due to the processes themselves or to the amendments added to the soil.32
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Temporal change in toxicity and genotoxicity in the bioreactor system
A temporal change in toxicity was observed in the bioreactor system following a feeding
event (Figure 2a). Toxicity to both the DT40 parent cell line and its Rad54−/− mutant
initially decreased (increased LD50), then increased (decreased LD50) during the feeding
cycle. Other researchers have also observed temporal changes in the genotoxicity of PAH-
contaminated soils undergoing bioremediation.6, 34 The somewhat cyclical nature of toxicity
and genotoxicity may suggest the formation, and subsequent degradation, of toxic
compounds,6 although if that were the case with our bioreactor system then we would have
observed a temporal trend opposite to that shown in Figure 2a. Sampling of the column
system was not designed to evaluate temporal trends in toxicity and genotoxicity, so only the
long-term treatment effects were observed.
The source of toxicity
Compounds responsible for toxicity and genotoxicity of PAH-contaminated soil other than
the USEPA 16 priority PAHs might not degrade concomitantly with PAHs during
bioremediation.6-8 Moreover, in a complex system such as contaminated soil, some
transformations that do not lead to complete metabolism of the parent compound are
inevitable. Although the correlation between LD50 and total PAH concentration was
significant (Figure 3a and 3b), the partial correlation between LD50 and total PAH
concentration was poor and insignificant, when controlling for the effects of total organic
residue. We conclude that the total organic compounds present in soil extracts are
responsible for the toxicity and genotoxicity of PAH-contaminated soil undergoing
bioremediation. Further research is needed to identify the toxic and genotoxic compounds.
Genotoxicity profiling
In order to understand the effects of bioremediation on the genotoxicity potential of PAH-
contaminated soil in the column system, we screened 15 DNA-repair-deficient DT40
mutants. When compared to the untreated soil, the control column did not reduce toxicity
except for the parental DT40 cell line; in contrast, the biostimulated column significantly
reduced toxicity for both the parental DT40 cell line and most of the mutants (Figure 4a).
We also observed that the genotoxicity profiles (relative LD50) of control-column treated
soil and biostimulated-column treated soil were similar but both were different from that of
the untreated soil (Figure 4b). Several mutants were sensitive to treated soil but not
untreated soil, including Polβ−/−, Fen1−/−, Ku70−/−, FancD2−/−, Rev3−/−, Polκ−/− and
Polη−/−, indicating that more types of DNA damage were induced by remediation. This
finding suggests that genotoxic compounds were generated during bioremediation, although
their concentrations must have been low enough not to lead to an overall increase in
genotoxicity per unit soil mass.
RAD9 and RAD17 are intra-S-phase DNA damage checkpoint control proteins and are in
the cellular response to stalled DNA replication.35 Both Rad9−/− and Rad17−/− were
sensitive to treated and untreated soil, strongly suggesting that bioremediation could not
eliminate genotoxic compounds in PAH-contaminated soil that can induce DNA replication
block. RAD54 is a DNA repair and HR protein.36 Rad54−/− was sensitive to both treated and
untreated soil, indicating that the soil both before and after bioremediation could induce
DNA double-strand breaks or DNA damage leading to replication blockage36. NER
mediated by the Xpa gene is thought to be involved in the elimination of bulky DNA
adducts37. However, Xpa−/− was not sensitive to either treated soil or untreated soil,
indicating that the potential for formation of bulky DNA adducts may be negligible before
and after bioremediation. Metabolic activation of PAHs may lead to bulky DNA adducts2,
but the capacity of DT40 cells for metabolic activation has not been reported before. Our
preliminary results indicate that Rev3−/− was sensitive to BaP (Figure S1), indicating that
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DT40 cells may have a metabolic activation system for PAHs. Regardless, this study was
not intended to elucidate the genotoxicity of PAHs per se, but to evaluate the changes in
genotoxicity of the combination of soil contaminants as a result of bioremediation.
BER plays an essential role in protecting cells from DNA damage caused by hydrolysis,
oxidative agents and alkylating agents.38 We observed that BER-deficient mutants (Polβ−/−,
Fen1−/−) were sensitive to treated soils but not to untreated soil, indicating that
bioremediation generated genotoxic compounds that could induce oxidative stress, unstable
depurinating DNA adducts or alkylation DNA damage39, 40. Certain TLS-deficient mutants
(Rad18−/−, Rev1−/− and Polθ−/−) were sensitive to untreated soil, indicating that unstable
depurinating DNA adducts and alkylated DNA bases could also be generated by exposure to
untreated soil. While oxidative DNA damage is thought to be repaired by BER, it has been
proposed that DNA lesions caused by oxidative stress could also be repaired by NHEJ
involving protein KU7041. Ku70−/− was sensitive to treated soil but not to untreated soil,
further indicating the likelihood that bioremediation generated genotoxic compounds
causing oxidative stress, which might be attributed to the formation of oxy-PAHs during
incomplete biodegradation42.
Value of genotoxicity testing
Although bioremediation is an effective tool to remove PAHs from contaminated soil, its
effects on toxicity and genotoxicity of PAH-contaminated soil need thorough study if the
ultimate goal of remediation is to reduce human health risk. This study demonstrated that
different bioremediation strategies could lead to different outcomes of toxicity and
genotoxicity for PAH-contaminated soil. We also observed enhanced oxidative DNA
damage caused by the soil after bioremediation in the column system. Overall, toxicity and
genotoxicity bioassays can be an effective supplement to chemical analysis-based risk
assessment for contaminated soil. Further research is still needed to isolate, characterize, and
quantify the toxic and genotoxic compounds in the contaminated soil as remediation
progresses.
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Total PAH concentration of soil before and after bioremediation. (a) Soils from five
consecutive sampling times during 7-d cycle in the bioreactor treatment. (b) Soils from both
the control column and biostimulated column at four sampling points along each column
after 2.5-year column treatment. Values are mean ± SD of triplicates. BFS: untreated
bioreactor feed soil; BTS: bioreactor treated soil; CPS: untreated column packing soil; CTR:
control-column treated soil; BIO: biostimulated-column treated soil.
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LD of soil before and after bioremediation for parental DT40 cell line and its Rad54−/−
mutant. (a) Soils from five consecutive sampling times during 7-d cycle in the bioreactor
treatment. (b) Soils from both control column and biostimulated column at four sampling
points along each column after 2.5-year column treatment. Values are mean ± SD of three
separate experiments. Abbreviations are as defined in Figure 1.
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Inverse correlations between LD50 and concentrations of tPAH for parental DT40 cell line
(a) and its Rad54−/− mutant (b), and between LD50 and concentrations of total residue for
parental DT40 cell line (c) and its Rad54−/− mutant (d). Each data point represents the mean
for each soil sample (total 15 samples) including untreated column packing soil, all
sampling points along each column, untreated bioreactor feed soil, and all sampling events
for bioreactor-treated soil during the 7-d. Asterisks indicate the correlation is statistically
significant (p< 0.05).
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LD50 (a) and relative LD50 (b) of soil before and after 2.5 year column treatment in the test
with a battery of DT40 cell lines. Values are mean ± SD of three separate experiments.
Different letters are assigned to conditions for which there was a significant difference
(p<0.05). Asterisks indicate values significantly less than 1 (p< 0.05). CPS: untreated
column packing soil; CTR-A: control-column treated soil at Port A; BIO-A: biostimulated-
column treated soil at Port A.
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